We propose herein an in situ method to remotely diagnose gear-tooth damage using scattering of a laser beam. The proposed method provides early and accurate diagnosis of the gear-tooth-surface condition. A tooth surface is first irradiated at oblique incidence by a zone-covering laser beam, and the zone is scanned along the surface of the gear tooth by the rotation of the gear. By analyzing variations in laser scattering between benchmark data and the current data, we can estimate the condition of the gear-tooth surface in terms of abnormal abrasion, pitting, spalling, etc. To test the method, we used it to remotely detect gear-teeth pitting in an experiment during which we simultaneously measured the vibration and sound of the gearbox and pedestal. Our analysis shows that the laser-scattering measurements reveal pitting more clearly and at an earlier stage than does the vibration and noise measurements. Therefore, we conclude that the proposed method estimates the tooth-surface condition with sufficient accuracy to assess the lifetime of the gear. Furthermore, we used the proposed method to diagnose real gear-teeth in situ in practical gearboxes to verify that the method yields an accurate diagnosis of the tooth surface of a lubricated gear. We found that by attaching a cover to the laser receiver; the remote measurements were unaffected by the choice or method of lubrication. For force-feed lubrication, pitting was detected for every speed range under 1800 rpm. These results demonstrate that the proposed method can diagnose the tooth surface of lubricated gears in practical gearboxes. Finally, we developed an automatic damage diagnosis method that is capable of detecting pitting by analyzing the laser-scattering signal from damaged teeth combined with that from the same teeth prior to the damage.
Introduction
Much research effort has been focused on studying industrial machines with gears from various viewpoints, such as efficiency, vibration, and noise. In recent years, the needs of machine maintenance have led to demands of remote diagnostic techniques for gear-teeth. Different maintenance methods have been developed to diagnose damage to the gear-tooth surface using different techniques involving, for example, acoustic emission (1) , sound (2) , tooth root strain (3) and vibration. ( 3)(4) However, for early detection of gear-tooth abnormalities, such diagnostic methods are not optimum. And if the damaged tooth can be detected, it is difficult to grasp the damaged area on the tooth surface in detail. To address this problem, we developed a method that uses a laser beam to perform a remote diagnosis (5) and verified that it accurately diagnoses gear-tooth-surface abnormalities of a lubricated gear in a practical gearbox. We also developed real-time pit-detection algorithm with the objective of creating an automated gear-tooth diagnosis system. 
Nomenclature
m
Laser-scattering damage diagnosis method
Our method can be explained using Fig. 1 . First, a gear-tooth surface is irradiated at an oblique angle by a zone-covering laser beam, as shown in Fig. 1(a) . Owing to the rotation of the gear, the irradiated zone is scanned over the tooth's surface, as shown in Fig. 1(b) . The laser reflects both specularly and diffusely from the gear-tooth surface, and as the pitting on the surface increases, the diffuse reflection (i.e., scattering) increases at the expense of the specular reflection. The optical detector detects a portion of the scattered laser light and converts it into a proportional voltage, which is read out in real time (i.e., as the gear is rotating) and from which the location of the damage on the tooth surface may be derived from the angle of the rotating gear.
Consider the angle θ, which is the angle through which the gear rotates to reach to an arbitrary point x on the gear tooth from the point where the laser beam irradiates the base circle (see Fig. 2 ). This angle may be defined as θ = inv(cos -1 (r ｂ /R))+cos -1 (r/R)-cos -1 (r/r ｂ ).
When a damaged point on a gear-tooth surface is detected, θ for this point can be determined from the laser-scattering data. Once θ is known, R can be calculated from Eq.
(1). By using the result of R, the damaged point on the gear-tooth surface can be expressed as a distance x from the base circle:
Pitting on tooth surface
Laser irradiator and receiver By comparing the initial and current laser-scattering data, we can estimate the tooth-surface conditions and detect anomalies such as initial or abnormal abrasion, pitting, and spalling.
Therefore, the variations of laser reflection between the initial and the present conditions can be compared, and we can estimate conditions on the tooth surface such as initial or abnormal abrasion, pitting, spalling, etc. from these results.
Pitting Experiment
To test the validity of the proposed method, we performed a pitting experiment with a practical gearbox. During the experiment, the laser scattering, gear vibration, adjacent noise, and accumulated wear were measured at each load repetition number N (in cycles). To obtain results as a factor of laser scattering, test gears were detached from the gearbox to measure the initial laser scattering. A power-circulating-type gear testing machine was used for the pitting experiment. Dimensions of the test gear pair are given in Table 1 . The conditions of the pitting experiment are given in Table 2 . 
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Vol. 5, No. 3, 2011 202 Furthermore, to properly diagnose damage, we present in Fig. 6 the difference between the laser-scatter signal for each load repetition number and the laser-scatter signal at N = 1 × 10 5 as a function of the driving-gear rotation angle, so that only the laser-scatter signal of the pitted area remains. Therefore, by calibrating the laser-scatter signal, we can diagnose the condition, location, and size of the pitting on the tooth surface. For example, from curve (f) − (b) in Fig. 6(a) , the range of the increased laser-scatter signal was from 3.4 to 6. , vibration data for the driving gear and the pedestal and adjacent-sound data, respectively. However, it is difficult to detect the damage on tooth 29 by analyzing these data. In comparison, the laser-scattering results shown in Fig. 6 reveals the occurrence of pitting much more rapidly and clearly. Therefore, we conclude that the proposed method can monitor tooth-surface conditions with sufficient accuracy to assess the lifetime of a gear. 
Measurements with Effects of Lubrication
To use this method for practical purposes, a laser sensor was fixed in a gearbox, as shown in Fig. 10(a) , to measure the laser scattered from the lubricated gear tooth. Below 60 [rpm], the apparatus could detect pitting. However, when the laser sensor became splattered with lubricant, because of the rotation of the gear, unreliable data were acquired. To prevent this, the laser beam was encased with square duct, as shown in Fig. 10(b) . Both ends of the duct were sealed with a plastic board that was transparent at the laser wavelength. The use of this cover resulted in the acquisition of more repeatable data.
Furthermore, to find the best way to measure the laser scatter, we performed six experiments under various lubrication conditions (each of these conditions is given in Table  3 ). A nylon brush was positioned in the gearbox to brush away lubricant that accumulated on the surface of the rotation-gear teeth (see Fig. 11(a) ). These experiments were performed with the gears lubricated either by an oil bath or by force-feed lubrication, as illustrated in Fig. 11 . The gear testing apparatus and the test gear pair were the same as that used for the pitting experiment (after N = 1 × 10 6 ), because the purpose of this experiment was to find a way to accurately measure the tooth-surface damage. The input rotational speed was set at 60, 120, 180, 240, 360, 480, 600, 720, 840, 960, 1080, 1320, 1560, and 1800 [rpm] . A sample of the data acquired is shown in Fig. 12 . To clearly evaluate the range of damage (especially pitting), we include in this figure the data which were acquired under dry conditions (i.e., no lubrication) at 60 [rpm] (Red line). This figure shows data for three teeth. The large peaks correspond to scattering from the top tooth and the small peaks correspond to scattering from pitting. From Fig. 12 , in the range below 360 [rpm] , is hard to recognize the area of pitting due to pool of oil in the pitting spot and thick oil film on the tooth surface. However, as the rotational speed increases, the outline of the small peaks which show the pitting can be clearly recognized.
With this experiment, we evaluated the repeatability of the data and the accuracy of the apparatus. The repeatability of the data was evaluated from three trials, each of which measured laser scattering from the same tooth, and the repeatability was quantified as a function of the similarity of the wave forms. Explicitly, the repeatability was assigned four values: 0, 33, 66, and 100 [%] . The accuracy of the remote pitting length measurement was verified with a caliper, which yielded a pit length of 2.66 [mm] . The remotely measured pit length was calculated from the data with the help of Eq. (2) 2), which is based on the remotely acquired data. Figures 13, 14, and 15 show the results for repeatability, accuracy, and total evaluation, respectively. By attaching the brush, the accuracy of pitting detection is improved for rotation speeds below 240 [rpm] . Under force-feed lubrication, pitting could be detected for every speed below 1800 [rpm] . As a result, we conclude that the proposed method can diagnose the pitting of teeth surface of lubricated gears in practical gearboxes. 
Computer-controlled damage diagnosis
We have also developed an automatic damage diagnosis method with the ultimate goal being to create a system that can automatically diagnose gear damage. For example, such a system would be able to detect the number of damaged teeth, and from the remotely acquired data, calculate the length of the damaged area on the tooth surface. In this section, we discuss the method to automatically scan the length of the pitting area from the laser-scattering data.
Two thresholds were applied to the difference data of the laser-scatter signal (i.e., the voltage) between the damage data and the benchmark data. The benchmark data were defined as those with the lowest voltage, as described in section 4. Figure 16 shows the steps of this method as applied to curves (e) − (b) in Fig. 6(a) . First, the first threshold was set at a relatively high voltage in the range 0.02-0.05 [V] (Check 1 in Fig. 16 ) to find a damaged event. Second, the second threshold was set at 0.01 [V] (Check 2 in Fig. 16 ) because we estimated the noise amplitude of the un-pitted area to be 0.01 [V] from Fig. 6 . If the curve exceeds the second-stage threshold over a range that includes where the curve exceeds the first-stage threshold, then the second-stage range is taken as the damaged area. Finally, to clarify both ends of this area, the points that include the data gradient angle are inverted and scanned along the data, as shown by Check 3 in Fig. 16 . When the points are found, the damaged area is defined as the range between both the terminal points.
To confirm the validity of this method, we performed a pitting experiment, and compared the automatically detected pitting damage with that measured by calipers for each load repetition number. Dimensions of the test gear pair were the same as those given in Table 1 . The same power-circulating-type gear testing machine was used as described in section 4, and the experimental conditions were the same as given in Table 2 , except for the input torque that was set at 145 [N･m] . Table 4 compares the results for pit size measured automatically in situ as described above with the results obtained with caliper measurements. The results given in Table 4 (a) demonstrate that this method can detect all pitting events in dry conditions. The number of pitting events decreased upon increasing the first threshold voltage. However, when the first threshold voltage was 0.03 or 0.04 [V] , damage was detected remotely by laser scanning in a place that was not damaged. We attribute this false positive to the large noise in the difference data. This result shows that for the proposed method to effectively diagnose gear-tooth damage, it is important to properly set the first threshold voltage and to smooth the difference data to accurately obtain remotely detected pit lengths. 
Conclusions
We developed a new gear-tooth diagnosis method that uses laser-beam scattering from the gear teeth to remotely detect gear-tooth damage. First, the tooth surface was irradiated by a zone-covering laser beam from an oblique direction, and the irradiated zone was scanned along the tooth's surface by the rotation of the gear. The variations of laser scattering between the initial and actual conditions were compared and used to estimate the condition of the tooth surface.
To use this method for practical purposes, a laser sensor was fixed in a gearbox, and laser scattering from the lubricated gear was measured. In the speed range below 60 [rpm], pitting could be detected from the measured data. However, when the laser sensor was splattered by lubricant from the rotation gear, the data became unreliable. To prevent this condition, a cover was made with a square duct to encase the laser beam. Furthermore, a brush was positioned in the gearbox to brush away lubricant that was accumulated on the tooth surface of the gear. These experiments were performed both under conditions of an oil bath lubrication and force-feed lubrication. With the cover in place, the data became more reproducible. By attaching the brush, the accuracy of pitting detection was improved in the speed range below 240 [rpm] . For force-feed lubrication, pitting could be detected for all speed ranges up to 1800 [rpm] . Therefore, we conclude that the proposed method can diagnose the tooth surface of a lubricated gear in a practical gearbox.
Finally, we developed an algorithm to determine the length of a pit from the laser-scattering data. Under dry conditions, this method could detect all occurrences of pitting. To improve the accuracy with which the method determines pit length, it is important to properly define the first threshold voltage and to smooth the difference data.
